Serial changes in the cross-sectional area of the dural tube and images of the cauda equina observed preoperatively, postoperatively, and on follow-up by MRI may be useful when evaluating patients' condition before and after operation. It is also useful for predicting outcomes.
INTRODUCTION
MRI and computed tomography-myelography (CTM) have been frequently reported to be useful as preoperative complementary diagnostic methods for LSCS. [1] [2] [3] [4] Only a few studies, however, have evaluated serial changes by MRI or CTM after posterior decompression for degenerative disease of the lumbar spine, and these methods have not been yet established as means of postoperative evaluation. [5] [6] [7] [8] In this study, we evaluated serial intradural and extradural changes shown by MRI after fenestration for LSCS. We analysed the association of clinical results with changes and decompression effects observed on MRI, and assessed the usefulness of postoperative evaluation by MRI after fenestration.
PATIENTS AND METHODS
A prospective interventional study was performed. We studied 48 subjects (88 segments) with LSCS who were treated at the Department of Orthopaedic Surgery, Iwate Medical University, Morioka. There were 28 males and 20 females, whose mean age was 65 years (range, 48-72 years). Clinical symptoms were cauda equina compression, with central stenosis or compression of the mixed type (cauda equina and nerve root compression). The mixed type was diagnosed by both MRI and selective radiculography with block.
Of the 88 segments, 3 segments were at L1-2, 7 at L2-3, 28 at L3-4, 47 at L4-5, and 3 at L5-S1. Only one segment was decompressed in 19 patients, whereas 2 segments were decompressed in 22 patients, 3 in 3 patients, and 4 in 4 patients.
All patients underwent bilateral fenestration. The segments for decompression were determined based on clinical symptoms and diagnostic imaging findings. Medial facetectomy-that is, partial resection of both inferior and superior facets-and, when necessary, unroofing of the narrowed lateral recesses of the mixed type of LSCS were performed. The thickened yellow ligament was resected as much as possible. After adequate dissection of the dural tube and nerve root and decompression, free fat grafting was performed using a graft obtained from the subcutaneous area at the site of operation or at the gluteal region. All the operations were performed by the same surgeon. The mean follow-up duration was 5 years (range, 3-10 years).
MRI was performed using a Signa 1.5 T (GE Yokogawa Company, Hino, Japan). T2-weighted crosssectional images were obtained by the fast spin echo method (TR: 2000 ms; TE: 92 ms). Preoperative and postoperative MRI scans of all patients, and preoperative CTM scans of some were analysed 3 to 6 months, 1 to 2 years (first follow-up examination), and 3 or more years (final follow-up examination) after surgery.
We evaluated decompression effects on the basis of serial changes in the cross-sectional area of the dural tube, by using a digitiser (semi-automatic image analyser) connected to a personal computer. 4 For each segment, measurement was performed 5 times by each of 3 examiners. From the 5 values obtained by each examiner, the highest and lowest values were excluded, and the mean of the remaining 3 values was calculated. The mean of the values obtained by the 3 examiners was then calculated.
Postoperative results were evaluated by MRI, simultaneously with direct examination in terms of subjective symptoms (9 points) and clinical signs (6 points), that were scored on a 15-point scale for the assessment of treatment for lower back pain proposed by the Japanese Orthopaedic Association (the JOA score) 9 [ Table 1 ].
We studied the changes in the cross-sectional area of the dural tube, in the MRI scan of the cauda equina, and in the JOA score. We also identified patients showing deteriorating results during the follow-up period.
Statistical analysis was performed using StatView J4.02 software (Abacus Concept Inc., Berkeley, US). The Mann-Whitney U test and the Wilcoxon signed-rank test were nonparametric tests used; the cut-off level of significance was taken as pϽ0.05.
RESULTS

Changes in the cross-sectional area of the dural tube
The mean (standard deviation [SD]) cross-sectional area of the dural tube was 48 mm 2 (19 mm 2 ) before operation, 96 mm 2 (30 mm 2 ) after operation, 109 mm 2 (33 mm 2 ) at the first follow-up, and 110 mm 2 (35 mm 2 ) at the final follow-up. The value after operation was significantly higher (pϽ0.001) than that before operation.
On the basis of changes in the cross-sectional area of the dural tube in each segment, good expansion was observed after surgery in 73 (83%) segments. When poor expansion was defined as values of one SD or below (Յ6 mm 2 ) of the mean postoperative cross-sectional area of the dural tube, poor expansion was observed in 15 (17%) segments. At the final follow-up examination, the postoperative crosssectional area of the dural tube was maintained or increased in 73 (83%) segments, but was initially poor or significantly decreased in 15 (17%) segments. Expansion was poor both after surgery and at the final follow-up examination in 4 (5%) segments. The improvement rate was 48% in 11 patients, among whom 4 segments showed poor expansion and 11 segments had a decreased cross-sectional area of the dural tube. However, 76% of 37 patients (with 73 segments) showed good expansion. This figure was significantly higher than in the other 11 patients (pϽ0.01) [ Fig. 1 ]. Table 1 Japanese Orthopaedic Association score for treatment for low back pain 9
Symptom/sign Points
I. Subjective symptoms (9 points)
A 
Poor postoperative results during follow-up
Nine (19%) patients showed poor improvement (i.e. with a JOA score of Յ10 or an improvement rate of Յ50%) during the subsequent follow-up period or at the final follow-up, or deterioration of postoperative results during the follow-up period ( Table 2) . MRI revealed poor expansion after surgery in 4 of the 9 patients, a decrease in the cross-sectional area of the dural tube during follow-up in 6, and grouping of the cauda equina in all of them. Of the 9 patients, 4 with a decrease in the cross-sectional area of the dural tube (4) Poor expansion (4) * Յ1 SD (Յ66 mm 2 ) of the mean postoperative cross-sectional area of the dural tube due to postoperative scarring showed a decrease in walking ability.
Illustrative cases
Patient one was a 70-year-old man with cauda equina intermittent claudication (Յ100 m) and pain in the lower limbs. The JOA scores were 8, 13, 13, and 14, and the cross-sectional areas of the dural tube were 42 mm 2 , 150 mm 2 , 171 mm 2 , and 175 mm 2 before operation, after operation, at the first follow-up examination, and at the final follow-up examination, respectively. Both postoperative results and the crosssectional area of the dural tube revealed improvement. At the final follow-up, MRI showed separation of the cauda equina, suggesting restoration to almost normal (Fig. 3) . Patient 2 was a 54-year-old man with cauda equina intermittent claudication (Յ200 m), lower back pain, and numbness in the bilateral lower limbs. The JOA scores were 10, 13, 12, and 11, and the cross-sectional areas of the dural tube were 48 mm 2 , 86 mm 2 , 65 mm 2 , and 60 mm 2 before operation, after operation, at the first follow-up examination, and at the final follow-up examination, respectively. MRI scan revealed dural tube expansion 3 months after operation but compression from the left posterolateral area, suggesting extradural scar tissue, at the final follow-up. Decrease in the cross-sectional area of the dural tube, grouping of the cauda equina, and decreased walking ability were also observed ( Fig. 4) .
DISCUSSION
Some studies have shown the usefulness of MRI and CTM for the preoperative diagnosis of LSCS. [1] [2] [3] [4] Hamanishi et al. 2 reported that intermittent claudication occurs when the cross-sectional area of the dural tube is 100 mm 2 or less in 2 or 3 segments from L2-3 to L4-5. Bolender et al. 1 reported that the normal value shown in CTM images is 180 mm 2 (SD, 50 mm 2 ), and that in central stenosis it is 100 mm 2 or less. Thus, many studies have reported that the cross-sectional area of the dural tube that produces symptoms is Grouping of the cauda equina 100 mm 2 or less. In our study, the mean value (SD) of MRI images before operation was 48 mm 2 (19 mm 2 ) in patients. This value was much lower than the above critical value (100 mm 2 ) that produces symptoms, suggesting that the cross-sectional area of the dural tube at the stenotic segments cannot be used as the only criteria for surgery. When a normal individual is placed in the supine position, the cauda equina in the dural tube at L4-5 is arranged in a V-shape on the internal wall of the dural tube towards the dorsal side, with the caudal portion of the cauda equina located towards the dorsal side. There have been only a few reports of the morphology of the cauda equina after operation. Matsui et al. 6 evaluated changes in the images of the cauda equina after posterior lumbar spinal operation by MRI, and reported that surgical invasion induces grouping of the cauda equina and adhesive changes.
In LSCS, it is speculated that persistent spinal canal stenosis induces adhesive changes around the nerve root and around the cauda equina; the degree of adhesion differs according to various factors such as the degree and duration of stenosis, blood circulation around the nerve root, and the hydrodynamics of cerebrospinal fluid. We have shown in previous studies that prognosis is associated with dural tube expansion more than 3 to 6 months after operation, or the image of the cauda equina after decompression. We have also found that some patients in whom there is grouping of the cauda equina can achieve good dural tube expansion by decompression; the postoperative improvement rate among these patients is significantly different from that among patients showing separation of the cauda equina. 7, 8 In this study, we investigated serial intradural and extradural changes in patients who were followed up for more than 3 years. It is possible for the clinical outcome to be poor, because of an inadequate enlargement of the lateral recesses despite perfectly adequate enlargement of the central canal. In this study, however, both radicular pain and radiculopathy in all patients with mixed type compression diminished or disappeared after an adequate surgical decompression of both the central canal and the lateral recesses. No patients experienced relapse of radicular pain or radiculopathy during the follow-up period.
The major factors associated with poor prognosis were poor dural tube expansion and grouping of the cauda equina on MRI scans 3 to 6 months after surgery, as well as a decrease in the cross-sectional area of the dural tube at follow-up examination. In all patients showing poor dural tube expansion, adhesion that was difficult to detach and the presence of a constriction band around the dural tube were observed during operation. Thus, the degree of preoperative adhesive change around the dural tube may also be an important factor. Grouping of the cauda equina suggests adhesive changes in the dural tube i.e. those of the subarachnoid membrane, whereas a decrease in the cross-sectional area of the dural tube may be caused by compression by a postoperative scar from the dorsal side of the dural tube ( Fig. 4) . Myeloscopy may be necessary to observe in detail the cauda equina in the dural tube before and after operation, and its use should be evaluated. Although a decrease in the cross-sectional area of the dural tube and associated grouping of the cauda equina seemed to be related to decreased walking ability and aggravation of intermittent claudication, further studies are necessary to determine their association with various clinical symptoms such as pain, numbness, cold sensation, burning sensation, and weakness in the lower limbs.
In cauda equina compression with central LSCS, outcomes may be predictable by observing serial changes in the cross-sectional area of the dural tube and the image of the cauda equina by MRI. None of the patients in our series underwent reoperation, but observation of the same factors may be useful when evaluating patients' pathological condition at the time of reoperation.
CONCLUSION
After bilateral fenestration for LSCS, certain improvement was observed in clinical symptoms in all patients, but clinical results during follow-up were poor in 9 (19%) patients. Factors associated with poor prognosis were poor dural tube expansion, grouping of the cauda equina, and a decrease in the crosssectional area of the dural tube, as observed by postoperative MRI scans. We conclude that serial changes in the cross-sectional area of the dural tube and images of the cauda equina observed preoperatively, postoperatively, and on follow-up by MRI reflect changes in clinical symptoms derived from the operated segments. These factors may be useful when evaluating patients' condition before and after operation and when predicting outcomes.
